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Luminescent light-harvesting hybrids with tunable emission properties have been achieved by co-
assembling lanthanide(II) cations, 2,2’-bipyridine-4,4’-dicarboxylic acid with molecular exfoliated
aminoclay sheets in aqueous system at room temperature. Emission colors of the resulting materials can
be fine tuned by varying the molar ratio of Eu** to Tb*", the excitation wavelength and the temperature.
The AC-Bipy-Eu,Tbyy exhibits an excellent co-ordinate of (0.30, 0.30) located in the “white region” of
CIE 1931 chromaticity diagram (under 350 nm UV illumination). Interestingly, the emission intensity
ratio of *Dy—Fs transition (Tb** of AC-Bipy-Tb) to *Dy—F, transition (Eu** of AC-Bipy-Eu) can be
linearly related to temperature from 138 to 288 K. Such luminescent properties make the materials good
candidates for designing optoelectronic devices like white LED and self-referencing luminescent
thermometers.

1,14, 15 16-18

Introduction substrates such as zeolite, clay, polyhedral oligomeric
silsesquioxanes (POSS) '*%° or ionic liquids (ILs) *"** to form
organic-inorganic hybrid materials with enhanced optoelectronic

so and mechanical properties, as well as thermal-and photo-stability.
Fascinatingly, tunable emission colors including white light have
been observed in some of the organic-inorganic hybrid materials

liohti . o L6 due to the partial energy transfer from the organic sensitizer to
ighting or even the next-generation lighting tools. ™~ Most of

3+ - 1,2, 2325 . .
Ln*" exhibit intriguing optical properties such as narrow emission Ln 10nsh b N Howev.ei, it .re;mams ba chall'e ngeable ltask o
bands, long lifetime and ligand-induced Stokes’ shift, etc. ”'° ” pr?pare.t ¢ hy .r1d materia’s W.ltl tunable lelmlssmn. colors bﬁ
Coordination between Ln** and organic ligands resulting in the lellvnifrgonizzlt);?slt\jr?enfﬁ;vprr:caetngeS as well as simple an
organic complexes is a typical way to achieve lanthanide '
luminescence on the basis of the well-known “antenna effect”. ’
In particular, the trivalent europium cations (Eu’") and terbium
cations (Tb3+) are employed as the red and green emitters for the ° N, M, MM, NH
coordination systems, respectively, and the ligand with a triplet
state energy level between 22000 and 27000 cm™ can make both
of them sensitized, ' 1> which provides a possibility to achieve
tunable luminescence through fine control of energy transfer
process between just a single organic ligand and Ln*". ' Emission

Multicolored luminescent materials including red, green and blue
(RGB) components as well as white-light emission based on
trivalent lanthanide cations (Ln*") and organic sensitizer have
attracted considerable interests in recent years and can be
potentially utilized for manufacturing full-color displays, back-

65

g.
color tuning has been observed in smartly designed lanthanide e
complexes where only part of the energy absorbed by the © tyoonl
sensitizing fluorophore was transferred to Ln®" ions. A é . ® oxygen
consequence is that three components (red from Eu®*, green from ) O magnesium
Tb*" and blue from the fluorophore) occur simultaneously, and " o b b by o silicon

the achievement of the color tuning can be realized by changing
the relative intensity of the three components. However,

Figure 1. A single unit of aminoclay (AC), with a talc-like
drawbacks such as low thermo- and photo- stability of the pure & £ . . y (AC) .
i h ) structure and an approximate composition of RgSigMgsO,c(OH),
complexes as well as their complicated synthetic procedure

> C ” SR A S ;3 75 where R- is the aminopropyl pendent (NH,CH,CH,CH,-). »
severely limit their full exploitation in practical applications.

Hybridation of the organic complexes with thermo-stable

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1
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Aminoclay (AC, Figure 1), a layered magnesium silicate
covalently functionalized with amino groups, has proven to be the
suitable inorganic component for preparing multicolored
luminescent materials, since the single units of AC can be

s absolutely exfoliated in water due to the charge repulsion
between protonated aminopropyl groups.”® These positively
charged, molecular exfoliated AC sheets can be co-assembled
with blue emitting coronene tetracarboxylate salt and the green
emitting perylene tetracarboxylate salt to result in highly

10 transparent and luminescent gels.”” * We recently prepared
luminescent lanthanide-based organic-inorganic hybrid materials
using this strategy by simple supramolecular co-assembly of AC,
Sodium 1,2,4,5-benzenetetracarboxylate and Ln** (Ln=Eu, Tb, or
Eu and Tb) in aqueous medium at room temperature. The

15 luminescent materials display various emission colors including
white light with good color purity and linear temperature-
dependent luminescent behavior. % Because the preparing
procedure for the materials is simple, environmentally friendly
and less-time consuming, we therefore intend to extend our

2 research to other organic ligand such as 2,2’-bipyridine-4,4’-
dicarboxylic acid (we denote as H,Bipydc).

H,Bipydc has been extensively exploited for the
sensitization of Ln*" coupled with the remarkable ligand-to-metal
energy transfer efficiency that has aroused our great interests, and

»s such kind of works have also been developed by several groups.
For instance, Calefi er al. *° reported a class of Eu’* and Tb**
complexes by using the H,Bipydc as the organic ligand. The
dominant luminescence of Eu** (5 D0—>7F2) and Tb* (5D4—>7F5)
can both be observed. As a modified work, Li and co-workers *!

30 grafted the H,Bipydc-Ln*" complexes onto a silica sol-gel glass
via Si-C covalent bonds, affording the materials improved
stability and processibility and also provides a method to prepare
lanthanide luminescent materials through sol-gel process.
Unfortunately, the procedure of this work is still highly long

35 time-consuming (about half a month). Herein we present novel
supramolecular luminescent materials by co-doping of
deprotonated H,Bipyde, AC and Ln** in aqueous medium at
room temperature.

» Results and discussion

ammmy  Q =
L L

Aminoclay

Na,Bipydc

NaOOK,

- 614nm
> 543nm
o a350m

Scheme 1. a) Illustration of the predicted structure of the AC-
Bipy-Ln hybrid luminescent materials. The molar ratio of the
components is AC : Na,Bipydc : LnCl; = 3.46 : 2 : 1; b) AC-

45 Bipy-Ln hydrogel; ¢) luminescent powders of AC-Bipy-Eu, AC-
Bipy-Eu,Tb;, AC-Bipy-Eu;Tb,;, AC-Bipy-Eu,;Tby;, AC-Bipy-
EulTb24, AC-Bipy—EulTb49, AC-Bipy—EulTbgg and AC-Blpy-Tb,
from left to right in the order, respectively (under 302 nm UV
lamp illumination).
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Figure 2. Luminescence spectra of a) AC-Bipy-Eu, the excitation

ss spectrum (dot line) was obtained by monitoring the *Dy—'F,
emission at 614 nm, and the emission spectrum (solid line) was
obtained upon excitation at 300 nm; b) AC-Bipy-Tb, the
excitation spectrum (dot line) was obtained by monitoring the
D,—'Fs emission at 543 nm, and the emission spectrum (solid

o line) was obtained upon excitation at 300 nm). All spectra were
measured at room temperature.

os The Na,Bipydc (see Scheme la) was applied as the organic
ligand for Ln*". The negatively charged carboxylate anions of
which can interact electrostatically with the positively charged
amino groups of AC in aqueous system >’ to result in a white

2 | Journal Name, [year], [vol], 00—00
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hydrogel (Scheme 1b) that we denote as AC-Bipy, which is easily
coordinated with Ln*" to form novel luminescent hydrogel named
AC-Bipy-Ln (AC-Bipy-Eu, AC-Bipy-Tb and AC-Bipy-Eu,Tb,,
where the x/y represents the molar ratio of Eu®" and Tb*").
Luminescent powders of AC-Bipy-Ln with various emission
colors and satisfied color purity (Scheme 1c) were further
obtained after dehydration in air at 80 C for several hours.
Emission colors of the materials can be tuned by changing the
molar ratio of Eu’* and Tb*, excitation wavelength and
10 temperature, as revealed by the luminescence data and the
Commission Internationale de L’Eclairage (CIE) co-ordinates
discussed afterwards.

The luminescence spectra of AC-Bipy-Eu and AC-Bipy-Tb
were exhibited in Figure 2. A broad band between 240 and 400
nm attributed to the absorption of the bipyridine moieties is
observed (Figure 2a). In addition, a much weaker sharp line at
395 nm ('Fy—’Lg transition) assigned to the intra-configurational
excitation of Eu®" is observed, indicating that the Eu’" are
essentially excited by the ligand rather than by direct population
0 of the intra-4f° energy levels. The emission spectrum of AC-

o

@

40

) 5
45 o
-
>
=
[2)
c
9]
2
<
t ~ Ev oy
77 ©
N
50 7 ((?
77 0\
72 ’0\\0
! 779 &
G
/ 799 %\0
T T T T T T 7807y
400 450 500 550 600 650 700
Wavelength / nm
55 b
) 5
@©
-
>
=
[2)
c
[}
i3}
£
60
Evomy
&‘Q
&
&

65 400 450 500 550 600 650 700
Wavelength / nm

Bipy-Eu exhibits five prominent lines, ascribed to the *Dy—"F, (J
=0, 1, 2, 3, 4) transitions of Eu**, with the red emission (Scheme
1c) of the *Dy—"F, transition as the dominant feature. AC-Bipy-
Tb displays similar excitation spectrum (Figure 2b) to that of AC-

»s Bipy-Eu, but no obvious f-f transitions of Tb*>" can be observed.
Four sharp emission bands shown in Figure 2b are attributed to
the °D,—'F, (J = 6, 5, 4, 3) transitions of Tb**, which is
dominated by the °D,—’F; transition at 543 nm (green
luminescence, see Scheme 1c). Tunable luminescence has been

3 obtained by changing the molar ratio of Eu*" and Tb** in AC-
Bipy-Ln excited at 300 nm (Figure 3a, Figure 3¢ and Table S1).
The “Dy—’E, J =0,1, 2, 3, 4) transitions of Eu®" and the
SD,—'F, (J =6, 5, 4, 3) transitions of Tb>" occur simultaneously
in Figure 3a, suggesting that the bipyridine moieties are able to

3s sensitize both Eu®" and Tb*" concurrently in AC-Bipy-Eu,Tb,.
With the decrease of molar ratio of Eu®" and Tb*", the relative
emission intensity of Eu®>" and Tb®" reduces consistently, leading
to a series of the emission colors from red to green through
orange and yellow (see Scheme 1c and Figure 3c¢).

N o

N<)11:99

02 03 04 05 06 0.7 0.8

Figure 3. Emission spectra (normalized at 620nm) of the AC-Bipy-Ln (powder) excited at 300 (a) and 350 nm (b) and the CIE 1931
chromaticity diagram within the co-ordinates of AC-Bipy-Ln (powder) excited at various wavelength (c) within an image of 365 nm UV-
70 LED cell (0.06 W) coated with AC-Bipy-Eu;Tbyo (d). (All spectra were measured at room temperature)

75

This journal is © The Royal Society of Chemistry [year]
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The lifetimes of Eu®" for AC-Bipy-Eu and Tb*" for AC-
Bipy-Tb (tg, and 1y,) is determined to be 0.47 and 1.04 ms,
respectively, from the corresponding decay curves (shown in
Figure S2a and Figure S2b, respectively). The value is higher

s than similar materials previously reported by us, where the
aromatic carboxylic acid used as the sensitizer %°. It has been well
documented that Ln*" emission highly depends on its coordinated
or nearby water molecules owing to the radiationless deactivation
of the Dy excited state. We therefore estimated the number of

10 water molecules coordinated to Ln** (n,,) based on the lifetime of
°D, state (Eu®") and emission spectrum of AC-Bipy-Eu by using
the empirical equation: *

nwzl.ll(kexp-kr-o.3l) 15 (1)

where ke, is the reciprocal value of the D, lifetime (ms™) and k,
is the radiative probabilities (ms™). The value of k, can be
20 estimated as follow: *

_ Ao-1Eo0 -1 &4 Sy
So-1 S'Eo-s

ke )

25

where A, is Einstein’s coefficient of spontaneous emission
between the *Dy and the "F, Stark levels, which is approximately
50 57!, and E,; and S, are the energy and the integrated intensity
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Molar ratio of Eu** and Tb*" in AC-Bipy-Eu,Tb,

60

30 of the SDy—’F, (J/ = 2 and 4) transitions, respectively. The
corresponding data are exhibited in Table S2 (Supporting
Information). Therefore, the n,, can be assumed to be 2, as shown
in Scheme la. We also calculated the n,, of AC-BTC-Eu reported
previously by us using this method and listed it in Table S2.

35 Obviously, the AC-BTC-Ln exhibit a little bit higher n,, value
compared with AC-Bipy-Ln. Thus the reason why the lifetimes of
this work are higher than that reported previously can be
satisfactorily explained.

Furthermore, the lifetimes of D, state for Tb** in AC-Bipy-

40 Eu,Tby, were also measured and shown in Figure 4a. The values
are not equal to that in pure Tb>" complex (AC-Bipy-Tb),
suggesting that the energy transfer process from Tb** to Eu**
exists, and the energy transfer efficiency from Tb*" to Eu’*

(N1b_£w) can be calculated by the following equation: ' 234
45
71
nmw - eu=1—— 3)
70

where the 1, and 7, is the °D, lifetime of Tb*" in AC-Bipy-Tb and

so AC-Bipy-Eu,Tb,, respectively. As a result, we obtained the
variation curve of nrp_g, as shown in Figure 4b. The Myy,_pgy
curve declines prominently when y/x is 14. A reasonable
explanation for this phenomenon is that the ny,_,g, is proportional
to R®, where R is the average distance between Tb** and Eu®". ¥

ss The R is increased with the molar ratio of Eu®* reduced, leading
to the decrease of Nyy,_gy.
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Figure 4. a) Variation curve of lifetimes of 5D, state for Tb*" in AC-Bipy-Eu, Tby (Aex = 300 nm, Aponitorea = 543 nm, all the lifetimes
were measured for three times); b) variation curve of energy transfer efficiency from Tb** to Eu*" in AC-Bipy-Eu, Tby (N1p_ky)- These

data were all obtained at room temperature.
65

Furthermore, the emission color of the hybrid materials
highly depends on the excitation wavelength. As shown in Figure
3b, the emission spectra of the hybrid materials are composed of

70 line-like bands attributed to f-f transition of Eu*" and/or Tb*" and

a broad band ranging from 400 to 500 nm, the latter could be
attributed to the emission of bipyridine moieties (Figure S1),
when the hybrid materials were excited by a 350 nm wavelength.
The CIE co-ordinates of AC-Bipy-Eu,Tby (Acx = 350 nm) were

4 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]
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shown in Figure 3c and Table S1. Remarkably, the AC-Bipy-
Eu;Tbgg has an excellent co-ordinate of (0.30, 0.30) located in the
“white region” of CIE 1931 chromaticity diagram, which is very
close to the ideal co-ordinate of white light (0.33, 0.33). We
s therefore coated the hydrogel of AC-Bipy-Eu;Tbyy on a
commercial available UV-LED cell and bright white light was
obtained when the LED is on (Figure 3d). Compared with the
formerly obtained white-light-emitting material, AC-BTC-Eu, Tb-,
» the AC-Bipy-Eu,Tbyy coated UV-LED cell has purer white
10 light emission ascribed to its longer excitation wavelength (350
nm for AC-Bipy-Eu;Tbg and 325 nm for AC-BTC-Eu;Tb,).
Attributed to the temperature-dependent luminescent
behavior as well as several advantages such as accurate,
noninvasive, fast response and high sensitivity, '* *** such
is luminescent materials can be utilized as thermosensor.
Theoretically, the emission intensity of the lanthanide complex is
supposed to decrease upon increasing temperature ascribed to the
thermal activation of nonradiative-decay channels. *
Temperature-dependent emission spectra of AC-Bipy-Eu shown
20 in Figure 5a and ¢ were measured under 300 nm UV light
excitation from 78 to 288 K (same as the AC-Bipy-Tb). The
emission intensity of °Dy—’F, transition (614 nm) has no
conspicuous change until T = 228 K (T = temperature) and then

50

5 7
D~'F,(614 nm)

Intensity / a.u.

55

A

A
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Wavelength / nm
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60

b) °D,? 'F (543 nm)
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Intensity / a.u.
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S

420 460 500 540 580 620

Wavelength / nm

660 700

reduces linearly by about 0.55 % per K. This suggests that AC-
»s Bipy-Eu is not very sensitive at low temperature (under 228 K).
However, the AC-Bipy-Tb exhibits different temperature-
dependent emission spectra (Figure Sb and c¢) compared with AC-
Bipy-Eu. The emission intensity of *Dy—Fs transition (543 nm)
keeps decreasing fast when the T is higher than 138 K and finally
30 becomes extremely low at room temperature, indicating that the
AC-Bipy-Tb is much more sensitive about temperature variation
than AC-Bipy-Eu. The normalized intensity ratio of *Ds—Fs
transition (AC-Bipy-Tb) to ’Dy—’F, transition (AC-Bipy-Eu)
(Ity/Ig,) from 138 to 288 K can be linearly fitted as the following
35 equation:
T=296.71 - 153.85 * I/Ig, (K) (4)
which is the equivalent transformation of the equation shown in
40 Figure 5d, with a variation rate of 0.65 % per K and does not
need any additional parameter. This is higher than that of our
previously obtained AC-BTC-Eu;Tb; * Such temperature-
dependent emission spectra are repeatable and reversible. Thus
we can use AC-Bipy-Eu and AC-Bipy-Tb simultaneously as self-
45 referencing luminescent thermometer (138 to 288 K, excited at
300 nm).
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Figure 5. Temperature-dependent emission spectra of AC-Bipy-Eu (a) and AC-Bipy-Tb (b) excited at 300 nm; c) temperature
dependence of normalized intensity of the *Dy—F, transition (614 nm) for AC-Bipy-Eu (red curve) and *D4—Fs transition (543 nm) for
75 AC-Bipy-Tb (green curve). All the data were measured for three times; d) temperature dependence of the normalized intensity ratio of
SD,—F; transition (AC-Bipy-Tb) to SDy—F, transition (AC-Bipy-Eu) from 138 to 288 K. The curve was linearly fitted (Iy,/Ig, = 1.9286

- 0.0065T, where T is the temperature, RZ= 0.990).
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Transparent luminescent thin films have also been
successfully prepared by simply drop-casting the dilute hydrogels
of AC-Bipy-Ln (about 1 % in mass ratio) onto 2 cm x 2 cm
quartz substrate (Figure 6a) followed by dehydration at 40 C in
air. Figure 6b, Figure S3 and S4 present the luminescent
performance of the thin films, and the CIE co-ordinates of which
were also shown in Table S1. Similarly, the emission colors can
be fine tuned by varying the molar ratio of Eu*" and Tb*" and the
excitation wavelength. The films of AC-Bipy-Eu,Tb,4, AC-Bipy-
Eu;Tbyy and AC-Bipy-Eu;Tbyy are all able to emit white light
under 350 nm UV light illumination, especially the AC-Bipy-
Eu;Tb,4, with a satisfied CIE co-ordinate of (0.32, 0.33). These
luminescent thin films are possibly available for application in
the fields of optoelectronics and sensing. *'#2

AC-Bipy-Ln

drop-casting

dehydration

+nt development of seawater FGD is sl |
its performance a well as mis.
» involves

AC-Bipy-Ln(water)

CIE-0.32, 0.33)
Figure 6. a) Preparation of the transparent luminescent thin films
on quartz substrate; b) digital photographs of the thin films under
300 and 350 nm UV light irradiation (AC-Bipy-Eu, AC-Bipy-
Eu,Tb;, AC-Bipy-Eu;Tb,, AC-Bipy-Eu;Tb,4, AC-Bipy-Eu;Tb,y,
AC-Bipy-Eu;Tbyy, AC-Bipy- Eu;Tbgg and AC-Bipy-Tb, from left
to right in the order, respectively).

Conclusions

In summary, we have successfully developed a novel kind of
multicolored hybrid materials based on aminoclay, organic ligand
and Ln*" through a simple and green procedure, which exhibit
bettered emission intensity and improved color purity compared
with the AC-BTC-Ln that we obtained previously. Emission
colors of the materials can be fine tuned by varying the molar
ratio of Eu’" and Tb*', excitation wavelength and temperature,
and white light was obtained as well. On the other hand, the
different temperature-dependent luminescent behavior between
AC-Bipy-Eu and AC-Bipy-Tb affords them good candidates for
self-referencing  luminescent thermometers. Moreover, the
excellent water processibility of the materials enables them to be
fabricated as transparent thin films on quartz substrate or be
coated on the round-shaped UV-LED cell, making them
potentially available for designing optoelectronic devices.
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Experimental Section

Materials
3-aminopropyltriethoxysilane ~ (APTES, Aldrich, 99 %),
MgCl,-6H,0 (CP), 2,2°-Bi-pyridine-4,4’-dicarboxylic  acid

(H,Bipydc, Aldrich, 97 %), Eu,05 (99.99 %) and Tbs07 (99.99 %)
were used as received. Aminoclay (AC) was synthesized through
the previous reported procedure. ° 0.05 mol-L"' Na,Bipydc
aqueous solution was obtained by dissolving H,Bipydc into 0.5
mol-L"' NaOH aqueous solution. 0.1 mol-L" EuCl; aqueous
solution and 0.1 mol-L™! TbCl; aqueous solution were obtained
by dissolving Eu,0; and Tb,0; into concentrated hydrochloric
acid (37 %), respectively.

Characterization

The solid-state luminescence spectra and the lifetimes were
measured on an Edinburgh Instrument FS920P spectrometer, with
a 450 W xenon lamp as the steady-state excitation source, a
double excitation monochromator (1800 lines mm™"), an emission
monochromator (600 lines mm™), a semiconductor cooled
Hamamatsu RMP928 photomultiplier tube. Powder samples and
films on quartz substrate were directly put in the chamber of the
instrument, for the phtotophysical measurements. A microsecond
flash lamp (pulse length: 2 ps) was used as the excitation source
for the lifetime measurements. Photons were collected up to 10
ms until maximum of 104 counts. Decay curves were fitted
according to the single-exponential function (/ =1, + 4 * exp( -
(t-ty) / 7) ). The OptistatDN2 liquid nitrogen cryostat was used for
the measurement of the temperature-dependent luminescence
spectra.
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